arrangement of the redox components in the membrane as random rather than chain-like and they raise the question of the role of lateral diffusion in the mechanism of electron transport. We report here the rates of lateral diffusion for the major inner membrane redox components as determined by fluorescence recovery after photo-bleaching ( Table 1 , column I). Based on the diffusion coefficients established experimentally by our study, the theoretical diffusion-controlled electron-transport rate (Hardt, 1979) , which is equal to the theoretical collision frequency (Table  1 , column 2), is faster than the experimental maximum (uncoupled) electron-transport rate (Table 1, columns 3 and 4). Thus lateral diffusion of the redox components is sufficiently rapid for electron transport in the mitrochondrial inner membrane to be diffusion-controlled and is consistent with a 'random-collision model' (Hackenbrock, 1981) During aerobic metabolism, the rate at which oxidative damage occurs in tissues depends in some complicated manner on the rates of oxygen consumption and on the effectiveness of antioxidative and pro-oxidative cellular mechanisms. In an attempt to clarify some of these processes we have used physical exercise to alter the rate of oxygen consumption and variations of dietary levels of dl-utocopherol (vitamin E) to alter the concentration of antioxidant in our test animals (rats). Some of our in uitro studies on liver mitochondrial and microsomal membranes have shown that vitamin E deficiency in these membranes make them far more sensitive to photo-oxidative and other forms of oxidative damage. Our in viuo studies showed that exhaustive exercise in rats is accompanied by a decrease in mitochondrial-coupling parameters and in the latency of endoplasmic-and sarcoplasmic-reticulum enzymes, and an increase in lipid peroxidation as well as in free-radical concentrations, both in liver and in muscle tissue In this study we will report three different findings.
(1) The in uiuo and in uitro effects of vitamin E deficiency on oxidative damage to the nuclear and microsomal membranes of liver cells in rats. (2) The in uivo effects of endurance exercise training on the cellular cytoplasmic levels of antioxidative enzymes (superoxide dismutases, glutathione peroxidases/reductases and catalase) in liver, lung, heart and skeletal muscle. (3) The in uivo effects of endurance exercise training on vitamin E content of muscle and liver and on erythocyte haemolysis of both vitamin Edeficient and -sufficient animals.
Experimental
Rats were obtained from Simonsen Laboratories (Gilroy, CA). Vitamin E-deficient and -sufficient animals were obtained following the procedures described by Davies et al. (1982) . Endurance exercise training was performed as described by Davies et al. (1981) .
Rat-liver nuclei were isolated according to Baird et al. (1980) . Lipid peroxidation was measured using the thiobarbituric acid procedure of Buege & Aust (1978) . NADPHdependent lipid peroxidation was assayed as in Baird ef al. (l980) , in the presence of pyrophosphate and iron.
Superoxide dismutase activities were measured by the method of McCord & Fridovich (1969) . Glutathione peroxidase was assayed as in Splittgerber & Tappel (1979) . Glutathione reductase and catalase were assayed as Vol. 12 described by Carlberg & Mannervik (1977) and Sun et al. (1975) respectively. Citrate synthase was assayed as detailed by Davies et al. (1981) .
Vitamin E content of tissues was estimated using h.p.1.c. (Howell & Wang, 1982) and erythrocyte haemolysis was assayed as in Lubin et al. (1971) .
Results
(1) The amount of thiobarbituric acid-reactants found in freshly isolated liver microsomal and nuclear fractions after 6 weeks of feeding (three groups of eight animals each, being fed three different diets containing 0, 40 and 400i.u.
of dl-a-tocopherol per kg of diet respectively) are shown in Table 1 (-NADPH, Omin). Lipid peroxidation levels in the nuclear fraction were 3 4 times higher than those found in the microsomal fraction in the case of animals fed 0i.u. of dl-a-tocopherol per kg of diet (in the case of the other diets, no differences were observed). In the presence of NADPH the increase in lipid peroxidation was always much larger in the microsomal than in the nuclear fraction. Almost complete protection against lipid peroxidation was achieved at different levels of dietary dl-a-tocopherol for the two different fractions depending on whether it was assayed in the presence or absence of NADPH. In the absence of NADPH, 40i.u. of dl-a-tocopherol afforded maximum protection against lipid peroxidation in the microsomes, whereas 4OOi.u. were required to afford maximum protection in the nuclei. In the presence of NADPH maximum protection for both fractions was achieved at 400i.u.
(2) The in uiuo effect of endurance exercise training on the cellular cytoplasmic level of the antioxidative enzyme glutathione peroxidase is shown in Table 2 (the other enzymes show a very similar pattern). The cytoplasmic levels of this enzyme are given for heart, lung, liver and muscle in untrained (U) and trained (T) animals, both before (rested) and following a bout of exhaustive exercise (run). Trained animals show an increase of about 50-70% of glutathione peroxidase activity/mg of cytosolic protein, as compared with untrained animals, but only in the heart and skeletal muscle. Exhaustive exercise increases the cytosolic levels of this enzyme in heart and skeletal muscle of untrained animals but decreases the levels in trained animals. This result, together with our previous findings on the latency of endoplasmic-and sarcoplasmic-reticulum enzymes, suggests that this enzyme has been released from subcellular organelles (e.g. mitochondria) during exhaustive exercise in untrained animals; for the exhausted trained animals, which have run for a much longer time (7-10 times longer), we are probably observing a destruction of the enzyme due to the well-known increase in protein catabolism that occurs during prolonged exercise. Results obtained with the enzymes citrate synthase and Mn-superoxide dismutase, which are mitochondrial enzymes associated with the matrix and the inner-membrane respectively, reinforce our interpretation. As expected, the levels of the two enzymes last-named in the cytosolic fractions are extremely low ( < 10% of the known total activity) in the tissues from both the untrained and trained animals. Upon exhaustion, the levels of citrate synthase and Mn-superoxide dismutase significantly increase in the cytosolic fraction of the heart and skeletal muscle of untrained animals, suggesting a release from the mitochondria1 matrix. In the trained animals, the levels decrease upon exhaustion, suggesting that the destruction of the enzyme occurred at a faster rate than the release (if any release in fact took place).
(3) In this study, 40 female rats, obtained at weaning, were separated into four groups of ten animals each. Two of these groups were fed (ad libitum) during 9 weeks a diet mix containing 40i.u. of dl-a-tocopherol per kg of diet; these will be called control animals. The other two groups were fed during 5 weeks a similar diet containing 15 i.u. of dl-a-tocopherol per kg of diet and then changed to another diet containing no dl-a-tocopherol for the remaining 4 weeks; these animals will be referred to as vitamin E deficient. From each of these two dietary groups, ten animals were endurance-trained (Davies et al., 1981) during the total 9 weeks of feeding; these will be referred to as endurance-trained while the others will be denoted sedentary animals. Erythrocyte haemolysis (Lubin et al., 1971) was assayed every week. Detectable increases in erythrocyte haemolysis appeared only in the groups being fed 15i.u. of dl-a-tocopherol and then only after switching to the diet with no dl-a-tocopherol; yet, within these two groups, the onset of pronounced erythrocyte haemolysis for the endurance-trained group of animals occurred a week later than for the sedentary animals.
The vitamin E levels in the homogenates of both liver and 6(10) 3.0+1.6(10)7.2+ 1.2 (10) 1.2+0.6(10) total-hind-leg muscles after the 9 weeks of feeding and training are shown in Table 3 . The tissue levels of vitamin E for both liver and muscle are significantly lower in the vitamin E-deficient animals than in controls. The differences between sedentary and endurance-trained animals are significant in the muscle for both diet groups, but in the liver only for the vitamin E-deficient group.
Discussion
Our results so far lead us to the following conclusions:
(1) The nuclear membrane appears to be far more sensitive to in vivo peroxidation than microsomal membranes when animals are made vitamin E deficient. The implication of these findings for transport across the nuclear membrane and for D N A are currently being investigated.
(2) Endurance exercise training seems to lead to an increase in cytoplasmic levels of antioxidative enzymes (superoxide dismutase, glutathione peroxidase and reductase, and catalase) in both the heart and skeletal muscle but not in lung or liver. It is possible that this may be due to the fact that more oxidative damage is likely to occur in the former tissues and therefore higher protection is required.
(3) There is an increased requirement for vitamin E during endurance exercise training. Also, it appears that training induces a protective effect against erythrocyte haemolysis despite vitamin E deficiency.
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